Barrier function of cultured skin substitutes (CSS) is required for their effective use i n clinical treatment of skin wounds, and for percutaneous absorption in vitro. Arachidonic, palmitic, oleic, and linoleic free fatty acids, in conjunction w i t h t h e antioxidant alpha-tocopherol acetate (lipid supplements, "LS"), w e r e added t o nutrient media o f CSS t o provide precursors of epidermal barrier lipids. C S S w e r e composed of h u m a n keratinocytes (HK), fibroblasts (HF), a n d collagenglycosaminoglycan substrates, a n d w e r e incubated f o r 14 d T h e epidermal permeability barrier consists predominantly of intercellular lipids (ceramides, cholesterol, free fatty acids) that behave as liquid crystals according to their physical chemistry [7-91. Liquid crystal behavior of the lipid fraction of the epidermal barrier is analogous to the fluidity of phospholipid plasma membranes, and therefore is defined in large part by the qualitative and quantitative composition of the intercellular lipids [7] under physiologic conditions of temperature, pressure, and hydration. Because cultured analogues of epidermal skin do not synthesize or release complete profiles of epidermal barrier lipids in the same proportions as native skin [lo], it is not surprising that barrier function of these analogues is deficient.
cursors of epidermal barrier lipids. C S S w e r e composed of h u m a n keratinocytes (HK), fibroblasts (HF), a n d collagenglycosaminoglycan substrates, a n d w e r e incubated f o r 14 d submerged o r lifted t o t h e air-liquid interface i n media based on MCDB 153 + LS. Duplicate samples (30 cm2) were harvested a n d t h e epidermal analogue was analyzed for total protein, total D N A , total lipid, lipid fractions including acylglucosylceramide (AGC), a n d presence of lamellar bodies. Significant increases (p < 0.05) w e r e detected bet w e e n C S S incubated in +LS m e d i u m for total lipid, total D N A , ceramide, glucosylceramide, triglycerides, and diglycerides. A G C a n d lamellar bodies w e r e detected only in epithelia o f C S S incubated in + LS medium. T h e s e data s h o w t h a t free fatty acids, vitamin E, a n d lifting of CSS p r o m o t e increased epithelial morphogenesis compared t o CSS cultured submerged w i t h o u t lipid supplements. Presence o f lamellar bodies a n d A G C suggests enhanced production in vitro of barrier-associated epidermal lipids. ] Invest Dermatol 101: [180] [181] [182] [183] [184] 1993 A dvances in skin wound treatment [I] , alternatives to animals for percutaneous absorption studies [2] , and models of human skin biology and pathology [3] have resulted in development of several analogues of human skin prepared in vitro. Although most of these analogues demonstrate histologically an epithelial component with cornified strata, barrier function of all of these analogues is significantly deficient compared to native skin [4-61.
T h e epidermal permeability barrier consists predominantly of intercellular lipids (ceramides, cholesterol, free fatty acids) that behave as liquid crystals according to their physical chemistry [7-91. Liquid crystal behavior of the lipid fraction of the epidermal barrier is analogous to the fluidity of phospholipid plasma membranes, and therefore is defined in large part by the qualitative and quantitative composition of the intercellular lipids [7] under physiologic conditions of temperature, pressure, and hydration. Because cultured analogues of epidermal skin do not synthesize or release complete profiles of epidermal barrier lipids in the same proportions as native skin [lo], it is not surprising that barrier function of these analogues is deficient.
Synthesis and deposition of epidermal barrier lipids is a very complex and highly regulated process that involves metabolic equilibria among carbohydrate metabolism (glycolysis, tri-carboxylic acid Manuscript received September 3, 1992 ; accepted for publication March 15, 1993. Presented May 1, 1991 Abbreviations: AGC, acylglucosylceramide; CSS, cultured skin substitute; FFA, free fatty acids; LS, lipid supplement; L, lifted; S, submerged. cycle); /3-oxidation of fatty acids; fatty acid synthesis; uptake and retention ofessential fatty acids (e.g., linoleic acid) [ I I]; and modification of fatty acids to form barrier lipids. In addition, deposition of barrier lipids requires assembly of barrier precursors into lamellar bodies [12] that process enzymatically and transport those lipids to the extracellular space.
Previous studies from this laboratory have described a composite skin substitute consisting of an implantable collagen-glycosaminoglycan (GAG) substrate populated with cultured human epidermal keratinocytes and dermal fibroblasts [13, 14] . T h e present study demonstrates that synthesis of an important precursor of barrier lipids (acylglucosylceramide), and formation of lamellar bodies by cultured epithelium of a skin analogue are induced by addition of free fatty acids (arachidonic, palmitic, oleic, and linoleic acids) and alpha-tocopherol acetate to a serum-free medium for human keratinocytes [15] . Expression of these markers of epidermal barrier by these skin substitutes is independent of lifting to the air-liquid interface, but is enhanced by air exposure. T h e data suggest that formation in vitro of biochemical and ultrastructural markers of epidermal barrier depends on nutritional and environmental regulation of keratinocyte metabolism.
MATERIALS AND METHODS

Media Formulae
Basal medium MCDB 153 with 0.5 mM calcium chloride [15, 16] and increased concentrations of six amino acids [I71 was supplemented as described in Table I . Growth medium (-LS) for keratinocytes contained bovine pituitary extract (0.5% v/v), epidermal growth factor (EGF, 1 ng/ml), insulin (5 pglml), and hydrocortisone (0.5 pg/ml). Lipid enriched medium (+ LS) contained a) arachidonic, palmitic, oleic, and linoleic free fatty acids (FFA) and alpha-tocopherol acetate; b) fatty-acid free bovine serum albumin (BSA); c) EGF, insulin, hydrocortisone; d) carnitine; and e) increased serine. Composite Skin Substitutes (CSS), Preparation, and Incubation CSS were prepared in duplicate experiments as previously described [13, 18] . Collagen-GAG substrates were inoculated with human dermal fibroblasts (5 X 105/cm2) on the porous surface, followed the next day by human epidermal keratinocytes (1 X 106/cm2) on the non-porous surface [13] . With inoculation of keratinocytes as day 0, skin substitutes were incubated 2 d submerged in keratinocyte growth medium (-LS, Table I ), and then two skin substitutes (72 cm2 each) were incubated submerged in -LS and two in +LS medium from days 2-4. All media were changed daily. O n day 5, one skin substitute in each medium remained submerged (S), one in each medium was lifted (L) to the air-liquid interface, and skin substitutes in all four conditions (S f LS, L f LS) were incubated until day 14.
quantities flanked both ends of the plate to establish standard for densitometry. Sequential development systems for separation of neutral lipids and sphingolipids have been described in detail elsewhere [23] . T o summarize, neutral lipids were developed in petroleum ether: diethylether: acetic acid (80 : 20 : 1 vols). Sphingolipids were subfractionated by sequential development in three solvent systems: System 1, chloroform : methanol : acetone (76 : 20 : 4 vols), developed first to 10 mm, then to 35 mm; system 2, chloroform : acetone :methanol (80 : 10 : 10 vols) to 75 mm; and system 3, chloroform: ethylacetate: diethylether: methanol (76 : 20: 6 : 2 vols). After development, plates were dipped in charring solution and heated to 180°C for 15 min in a mechanical convection oven. Lipid bands were quantitated with a recording photo-densitometer equipped with automatic peak integration in reference to the closest migrating ceramide standard [23] .
Cell-cycle analysis was performed by flow cytometry on keratinocyte nuclei (2 X 104/sample) labeled with propidium iodide [24] from lifted cultures only. Cell population subsets were calculated directly by a computer program based on the Dean and Jett model of analysis [25] . Histology and transmission electron microscopy were performed by routine techniques r -r l Data Collection and Analysis CSS samples (30 cm2 each) were collected from duplicate experiments at day 14 after inoculation of keratinocytes, and processed for determinations of total contents of DNA, lipid, and protein [19] , and lipid fractions (neutral lipids, sphingolipids) by thin-layer chromatography. Epithelia were released from CSS by treatment with Dispase, centrifuged at 220 X g and resuspended in 1.2 ml Hoescht buffer. Samples were homogenized by brief sonication, and divided into duplicate aliquots for determination of DNA (2 X 100 pl), protein (2 X 100 PI), and lipid (2 X 400 PI). DNA content was determined using fluorescence enhancement by staining with bisbenzimidazole [20] . Protein was measured by direct binding of Coomassie Brilliant Blue G-250 [21] . Lipids were extracted according to the method of Bligh and Dyer 1221. Lipids were fractionated by high-performance thin layer chromography (TLC) as previously described [23] . Briefly, lipid extracts were solubilized in chloroform, and applied in 5-mm lanes (30-60pg/lane) on 10 X 20 cm high-performance TLC plates using a CAMAG Linomat IV autospotter. Authentic standards in 1.0 ,ug lL'=J.
Quantitative data were evaluated by two-way analysis of variance for significant differences (p < 0.05) among groups. x2 analysis was used to test whether the lipid supplement was related to significant differences among experimental conditions. Table I1 summarizes also are highest in samples that are lifted in+ LS medium. However, no statistically significant differences are detected. Figure 3 were also significantly elevated in + LS medium, but no differences were seen in free fatty acids, free sterols, or sterol esters. Table 111 Figure 6 compares light and transmission electron micrographs of samples incubated in these four test conditions. Medium + LS results in improved epithelial organization in lifted (Fig 6A) or submerged (Fig 6E) culture compared to corresponding samples in -LS medium (Fig 6C,D) . Samples lifted in + LS medium (Fig 6A) have cuboidal keratinocytes attached to the collagen-GAG substrate with flattened cellular strata distal to the attachment surface. Lamellar bodies are found easily after lifted culture + LS (Fig 6B) , or with less frequency after submerged culture in +LS medium ( Fig  6F) . N o lamellar bodies are found in lifted or submerged CSS from -LS medium (not shown).
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DISCUSSION
Data from this study demonstrate the well established principles of nutritional and physico-chemical regulation of proliferation and differentiated phenotype of human cells in culture [27] . Metabolic responses including total contents of lipid, DNA, and protein are dependent both on nutritional factors and lifting, and are additive. Synthesis of barrier-specific markers, lamellar bodies (LB), and AGC are also expressed in response to this lipid supplemented medium with increased response in lifted versus submerged cultures. Because the supplement contains linoleic acid, an essential fatty acid and constituent of AGC, it is possible that linoleic acid is a dependent factor in formation of native epidermal barrier. In essential fatty acid deficiency (EFAD), oleic acid substitutes for linoleic acid in epidermal AGC [28] . This may account for the membrane structure abnormalities and barrier defect in EFAD [29, 30] . Further- more, pulse-chase experiments have shown transfer of linoleic acid predominantly into triglyceride, but not sphingolipids, of air-exposed epithelial cultures [31, 32] . Those findings agree with this study in which the quantity of AGC is much lower than expected (see Fig 3, Those findings, and results of this study, identify major shifts in metabolic equilibria among glycolysis and tri-carboxylic acid cycle, fatty acid synthesis, P-oxidation of fatty acids, and specific synthesis of complex glyco-lipids and proteo-lipids of the epidermal barrier. Furthermore, it is also known that these metabolic shifts are reversible, because complete epidermal barrier function is restored after grafting of cultured epithelium to open wounds [13, 14, 18] . Therefore, it may be concluded that deficiencies in the total physicochemical environment for epidermal culture are responsible for abnormal epidermal physiology in vitro.
Growth of human keratinocytes in biochemically defined medium is extended and enhanced by addition of bovine pituitary extract (BPE). This extract contains basic fibroblast growth factor (bFGF), many other growth factors, and hormones, lipids, and blood proteins including albumin. Efforts to purify the mitogenic activity in BPE have led to the isolation of inositol [34] , and phosphoethanolamine [35] that are contained in basal medium MCDB 153. Results of this study suggest that other components of BPE, namely, lipids and albumin, may be replaced with their purified counterparts to provide completely the mitogenic activity of the crude tissue extract. In addition, any lipids and albumin supplied by in BPE are not sufficient to promote formation of barrier lipids or lamellar bodies. The formulation described here contains a lipid carrier, bovine serum albumin (BSA), as the only undefined component. Elimination of BSA with retention of epithelial growth and differentiation responses in the skin substitutes would result in a biochemically defined medium for epithelial morphogenesis. Complete replacement of BSA may be accomplished by delivery of lipids as vesicular micelles, or liposomes, and these approaches deserve further study.
Important questions not addressed in this study include, but are not limited to, a) identification of whether individual components (i.e., linoleic acid) or their concentrations in this lipid supplement are responsible for barrier lipid synthesis; b) effects of reduced humidity or other physico-chemical factors (i.e., % CO,); c) whether lamellar bodies that are formed are also secreted and organize into barrier lipid; d) identification of mechanisms by which proportions of triglyceride and barrier lipids differ so greatly from native skin. However, continuing studies show that exogenous EGF is related to abnormal ratios of triglyceride to barrier lipids.$ Cultured analogues of human skin have advanced rapidly in design and applications to skin wound healing, study of skin biology, and alternatives to animal testing. Continued progress in these fields will be served by availability of a material of defined composition that is physiologically homologous with native skin. Although no current models of cultured skins [4] [5] [6] 13, 36] have demonstrated complete validity for direct comparison to native human skin, the cultured skin substitute described here offers a well-characterized alternative model for research, safety testing, and therapeutic wound treatment.
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